This paper presents a monopole antenna loaded with one frequency-reconfigurable composite right/left-handed (CRLH) unit cell. This antenna is designed by means of two varactor diodes and with changing capacitance operating at LTE700 MHz) frequencies that cover most of the LTE bands for smartphone handsets, which is a combination of two distributed and compact modes, in which the varactor diodes, as compact elements, play a significant role in reducing the antenna dimensions. By changing the capacitance, the entire frequency band of 700 MHz and 900 MHz was achieved. The CRLH structure, in turn, reduces the dimensions of the antenna and generates resonant frequencies less than the resonance frequency of the monopole. At these frequencies, the radiation patterns are quasi-omnidirectional.
I. INTRODUCTION
In recent years, the development of smart handsets as an indispensable part of modern life has rapidly grown. To satisfy many standards, these handsets need a modern antenna that occupies a small space while providing good radiation performance and qualities [1] - [5] . Reconfigurable antenna research is becoming increasingly interested in the applications of cellular radio systems, radar systems, and satellite communication due to their lighter weight, smaller dimension, and lower price compared to those of conventional antennas. Based on antenna characteristics, reconfigurable antennas can be categorized into operation frequency (as an alternative to multiband antennas), radiation pattern or polarization tunable antennas. The performance characteristics of antennas can be changed by altering the antenna flow of the current and using active materials, phase shifters, diodes, attenuators, adjustable materials, or mechanically movable parts [6] - [10] . In the last few years, LTE technology has grown in popularity because it offers a variety of applications utilized in handheld cellular devices. In fact, the implementation of this technology requires modern mobile antennas that cover all frequency bands, are low profile The associate editor coordinating the review of this manuscript and approving it for publication was Luca Chiaraviglio . and cost-effective and have an omnidirectional radiation pattern [11] - [13] .
Over the last decade, in parallel with the development of new wireless communication techniques, the demand for compact mobile phones has grown. These devices should support different communication plans with low profile antennas as well as the desired bandwidth, efficiency, low cost, and proper form factor. An important challenge in antenna design is designing a multiband, desired gain, and omnidirectional radiation pattern antenna. According to microwave research, metamaterials (MTMs) facilitate the attainment of these objectives for designing compact antennas. The abovementioned challenge is overcome by one type of MTM, i.e., a composite right/left handed (CRLH) unit cell. When the CRLH unit cell (usually with more than one cell) is loaded on conventional antennas, the antennas can operate in the zeroth-order mode or negative-order modes to achieve size miniaturization and multiband operation [15] - [22] .
A planar monopole antenna loaded with a reactive single cell metamaterial, whose antenna enabled operation in two modes with orthogonal radiation patterns, employed a defective ground plane that proposed a compact tri-band antenna fed by co-planar waveguide (CPW) [16] . The extension concept of loading monopole antennas with the CRLH unit cell consists of loop antennas and printed inverted-F antennas [18] . The increment of the electrical length of the based antennas is achieved by hybrid termination as well as by adding the possible frequency bands at a low profile size [19] . In another case, the dipole antenna is loaded with two new and different CRLH unit cells that cause smaller sized dipole antennas with three bands [20] . The series interdigital capacitors and shunt spiral inductors that compose a CRLH unit cell loaded on a monopole antenna are introduced and fed by a microstrip and provide two distinct frequencies below the monopole fundamental frequency [21] . Two narrow bands and one wide band are provided by a conventional planar monopole antenna loaded with a CRLH unit cell that covers multiple communication standards [22] .
The present article discusses the improvement of the CRLH multiband monopole antenna from reference [21] for full coverage of the LTE700 and LTE900 frequency bands that consists of two parts: optimization of the antenna unit cell size, which includes a distributed segment, and the addition of varactor diodes to enable antenna frequency reconfigurability to select and access the frequencies that provide the antenna's compression portion. The proposed antenna is simulated by ANSYS HFSS software using the FEM. For every capacitance that the varactor diodes create for each applied voltage, the proposed antenna produces two additional frequencies below the monopole resonance.
II. MONOPOLE ANTENNA LOADED WITH RECONFIGURABLE CRLH UNIT CELL
MTMs are artificial composite materials suitable for dispersion engineering with unusual properties not found in nature. This study focuses on CRLH propagation as one of the many variations of MTMs, which represents the most general MTM structure possible. Fig. 1 displays a circuit indicative of a typical unit cell with a dispersion diagram [14] .
A loss-less CRLH unit cell includes an impedance Z equal to an RH series inductor (L R ) and an LH series capacitor (C L ), whereas an admittance Y equals an LH shunt inductor (L L ) and an RH shunt capacitor (C R ) [14] .
At low frequencies, the CRLH is equal to a PLH (L R = C R = 0), and at high frequencies, the CRLH is equal to a PRH (L L = C L = 0). At all other frequencies, the characteristics depend on the combination of the LH and RH contributions. To design a real CRLH structure, the standard guidelines are suggested in [14] . Today, due to the popularity of wireless communications and services, there has been an increase in the number of users using the same spectrum, creating interference between users. One way to reduce or eliminate interference is to use reconfigurable antennas, which can act as filters and reduce the need for receiver filters, leading to the reduction of the size and volume of the antenna [23] , [24] . Reconfigurable antennas have the ability to change their geometry and behavior to adapt to various conditions. These antennas can deliver the same operational power as a multiband system. Singleantenna geometry dynamically varies and is adaptive without the need to increase the area to embed multiple antennas. The proposed reconfigurable techniques are divided into four categories: electrical, optical, mechanical, and material changes. Electrical reconfigurable antennas that have the components of electrical switching (RF MEMS, pin diodes, or varactors) rely on the redistribution of surface currents and changes of the topology of the radiative structure of the antenna and/or the edges of the radiation. The advantages of reconfigurable antennas, which have attracted much attention, include volume reduction, multistandardization, multiband nature, simplification of integration, cost savings, adaptive capability, multifunctional capabilities, functional change as a mission change, and potential to act as a single entity or as a provider and support for narrowband or broadband operations [25] - [28] . It is worth noting that the white TV (TVWS) refers to the unused frequency band on the TV band, which has a frequency of 470 to 862 MHz. With a bandwidth of approximately 58%, as well as the ability to transmit signals for long distances, this frequency band has high potential for communication. The retrieved antenna is one of the best solutions for achieving this type of standard by redistributing the frequency, miniaturization, and operation [29] . A reference monopole antenna is shown in Fig. 2a . This antenna is implemented on a Rogers RT Duroid-5880 with a dielectric constant equivalent to 2.2, tan(δ) = 0.0009, and substrate thickness of 1.57 mm. This antenna operates at 2.13 GHz by choosing the length of the monopole. To shape the radiation pattern and operating bandwidth of conventional monopole antennas, the ground size plays a significant role [5] , [22] . The optimal size is L g × W s = 55 mm × 56 mm. Fig. 2b shows the design of the proposed antenna consisting of a conventional monopole antenna loaded with one CRLH unit cell that can reconfigure the frequency using varactor diodes. The schematic diagram and equivalent circuit of the frequency reconfigurable unit cell are displayed in Fig. 3a and Fig. 3b , respectively. Only one frequency is available for the single monopole. However, adding one CRLH unit cell can add two frequencies lower than the monopole frequency. Therefore, more operating bands were obtained by inserting more CRLH unit cells. The unit cell layout of this antenna was taken from [21] . The antenna can support twelve bands, which are LTE700, LTE850, LTE900, LTE1700, LTE1800, LTE1900, LTE2100, LTE2300, LTE2500, LTE2600, and GPS (1176 MHz, 1227 MHz). The frequency reconfigurable unit cell consists of a series interdigital capacitors (IDCs), shunt spirals, and two varactor diodes. The capacitance is generated by the interdigital capacitor and varactor diodes, and a shortened shunt stub creates the parallel inductance. By changing the dimensions of the interdigital capacitor and the shunt inductance and changing the capacitance of the varactor diodes, the working frequencies of the unit cell can be determined. The resonating condition occurs when the entire phase shift across the CRLH varactor diode-loaded monopole (ϕ total ) fulfills the following condition. The following equation is valid only in the CRLH unit cell passband [5] :
ϕ monopole is the phase shift caused by the monopole without the frequency reconfigurable CRLH unit cell; ϕ CRLH is the phase shift is due to a single CRLH unit cell without varactor diodes; ϕ varactors is the phase shift is due to the varactor diodes; m refers to the number of CRLH unit cells; and n stands for the mode order. Generally, there are two types of elements in the unit cell: distributed and compact. A distributed capacitor can be realized using an interdigital capacitor and a spiral inductance. One disadvantage of this type of unit cell is that the length of the CRLH unit cell is analogous to the monopole length on the latitudinal side. Covering lower bands such as 700 MHz is troublesome. To overcome this problem, compact elements, which are a type of capacitor equivalent to a varactor diode, are used. In the compact state, compact elements of the inductor and capacitor are used. In this paper, the frequency reconfigurable design is a combination of compact and distributed models. The optimal antenna dimensions for covering the bands mentioned above are shown in Table 1 .
The proposed antenna is designed on a 1.57 mm thick Rogers 5880 substrate. The dispersion relation of the microstrip-fed modified CRLH unit cell is calculated and shown in Fig. 4. Fig. 5 shows the simulated S 11 as a function of the frequency for the proposed antenna without varactor diodes. Compared to the conventional microstripfed monopole antenna, three operating bands are observed, as shown in Fig. 5 . Three distict bands located at 0.63, 1.04, and 2.24 GHz are achieved. The realized impedance VOLUME 8, 2020 bandwidth (S 11 < 10 dB) is 2.5% at 0.63 GHz, 2.1% at 1.04 GHz, and 23% at 2.24 GHz. These three bands can be explained based on the dispersion relation shown in Fig. 4 . It can be observed that the LH region ranges from 0.8-2.13 GHz, and the RH region ranges from 2.13-2.95 GHz. The current distributions are shown in Fig. 6 for frequencies of 0.630 GHz, 1.04 GHz, and 2.24 GHz, which apparently show that the CRLH circuit plays a minor role in radiation. In fact, the monopole is the effective radiation element. The CRLH circuit controls the matching of low-frequency bands. Therefore, the proposed circuit has two independent mechanisms for controlling the specification. The first resonant frequency, situated at 0.63 GHz, lies in the lower stopband of the unit cell, which allows the antenna to be considered a monopole loaded with a spiral inductor; all the current goes through the shunt branch, and the IDC can be regarded as an open circuit (Fig. 6a) . The second band, situated at 1.04 GHz, is in the LH region of the reconfigurable unit cell that the varactor diodes and the unit cell provide, which is a phase lead that is equivalent to the phase lag provided by the conventional monopole, and Eq. (3) is fulfilled with n = 0 (Fig. 6b) . The third band, situated at 2.24 GHz, is within the RH region of the reconfigurable unit cell and is the resonance frequency of the monopole (n = 1) (Fig. 6c ). This band is shifted from 2.13 to 2.24 GHz because at 2.13 GHz, the frequency-reconfigurable CRLH unit cell pro- vides a zero phase shift, and consequently, the electrical length of the modified monopole at this frequency agrees with (L 1 + L 3 ), which is shorter than that of the original monopole (L 1 + L 2 + L 3 ).
The obtained frequencies are LTE700, LTE850, LTE900, LTE1700, LTE1800, LTE1900, LTE2100 LTE2300, LTE2500, LTE2600, and GPS (1176 MHz, 1227 MHz). Complete 700 MHz and 900 MHz bands can be achieved by replacing the varactor diode with the capacitor between 1.2 pF and 12 pF. The dispersion curves [30] of the frequencyreconfigurable CRLH unit cell (Fig. 3a) calculated for capacitances of 1.2 pF, 1.9 pF, 3.3 pF, 4.2 pF, 6.8 pF, and 11.7 pF TABLE 2. Simulated and measured gain and simulated radiation efficiency of proposed antenna for three capacitances (C = 4.2, 1.9, and 1.2 pF).
are shown in Fig. 7 . The dispersion relation of the unit cell controls the new frequencies, which are lower than the normal resonance of the monopole. It can be observed that for the antenna with a 1.9 pF capacitance, the LH region ranges from 1-2.21 GHz and the RH region ranges from 2.21-3.1 GHz, and for the antenna with a 11.7 pF capacitance, the LH region ranges from 0.84-2.20 GHz and the RH region ranges from 2.20-2.96 GHz. Fig. 8 shows the simulated S 11 as a function of the frequency for the proposed antenna with varactor diodes.
The CRLH unit cell ground is not connected to the main ground of the microstrip-fed monopole and is floating. Adding a unit cell will cause a frequency shift on the monopole frequency because the length of the monopole is shortened. Furthermore, the unit cell can provide a leading phase shift opposite to the lagging shift of the monopole. Adding the varactor diodes does not create any noticeable change in the antenna dimensions but provides reconfigurability to the antenna. For every value of the varactor diode, three distinct bands are achieved. For example, if the value of capacitance is 1.2 pF (V = 12 V), then four bands are located at 0.99, 1.23, 2.21, and 2.63 GHz, which can be explained based on the dispersion relation of the frequency reconfigurable CRLH unit cell, as shown in Fig. 7 .
The proposed reconfigurable CRLH unit cell occupies only 0.05λ 0 × 0.02λ 0 of the monopole, where λ 0 is the free-space wavelength corresponding to the lowest resonant frequency of the antenna.
III. ANTENNA PROTOTYPE AND MEASUREMENT RESULT
The fabricated structure is shown in Fig. 9 , which was designed on a Rogers 5880 (ε r = 2.2, tan(δ) = 0.0009) with a thickness of 1.57 mm. The simulated and measured s11 are shown in Fig. 10 . The S-parameters are measured on a Hewlett Packard 8720C network analyzer. Good agreement is achieved between the S 11 simulation and measurement for three measurements at V = 3 V (C = 4.2 pF), V = 6 V (C = 1.9 pF), and V = 12 V (C = 1.2 pF), except for the frequency shifts of 50 MHz and 30 MHz in the first and second bands for C = 4.2 pF and C = 1.9 pF, respectively, and the frequency shifts of 50 MHz and 20 MHz in the first and second bands for C = 1.2 pF. The dimensions of the reconfigurable CRLH unit cell are optimized to cover the LTE700, LTE850, LTE900, LTE1700, LTE1800, LTE1900, LTE2100, LTE2300, LTE2500, and LTE2600 bands and GPS (1176 MHz, 1227 MHz) bands.
For the first and second bands, the reflection coefficient is approximately 9 dB, and for the third band, the reflection coefficient is greater than 10 dB from 1.7 to 2.7 GHz. The antenna design achieves two wide continuous tuning ranges using dual varactor diodes (SMV1204-99A). The minimum varactor capacitance value limits the upper band of the high-frequency tuning range. If the minimum and maximum reverse bias voltages are applied, at 0.2 and 12 V (12 to 1.2 pF), the antenna achieves its maximum tuning range of 670 to 990 MHz and 1.05 to 1.23 GHz for the first and second bands, respectively. On the other hand, to have complete control over the first and second resonance frequencies, two varactor diodes are used. These two varactor diodes are sufficient to completely tune the first and second operating frequencies of the antenna to the desired frequencies. The reconfigurable CRLH unit cell is designed to operate as a phase shifting element and does not contribute to the radiation process. Fig. 11 shows the simulated and measured twodimensional radiation patterns of the proposed antenna in the two principal planes (x-z and y-z planes) at three capacitances: 4.2 pF, 1.9 pF, and 1.2 pF. The radiation patterns exhibit quasi-omnidirectional properties at the mentioned bands in Fig. 10 . At each frequency, the co-polar and crosspolar patterns are shown for each orthogonal cut-plane. The patterns show that the antenna achieves good co-polar omnidirectional radiation across the tuning range. The high cross-polarization is acceptable since the antenna will often have random orientations when used in its intended wireless applications. The simulated and measured gain and simulated efficiency for three capacitances (4.2, 1.9, and 1.2 pF) are shown in Table 2 . It is noted that the conventional monopole has 92.8% efficiency at 2.13 GHz.
The key features of the proposed antenna design are based on its low-profile reconfigurable-CRLH design along with its ability to cover ten LTE frequency bands with only two integrated varactor diodes. A comparison table, including the previous reference antennas and proposed work, is given in Table III . Compared to the reference antennas, the proposed antenna has the following advantages.
1) The proposed antenna reconfigures the CRLH part of the antenna, in which a novel reconfigurable antenna helps in efficient utilization of the spectrum.
2) This work presents a low-profile reconfigurable antenna, in terms of electrical size, with less complexity.
3) The proposed antenna does not require a complex matching network.
4) It can be seen that the number of LTE frequencies is more than that of the others. 5) This work covers the frequency band of 700 MHz and 900 MHz completely.
IV. CONCLUSION
Our antenna was designed and simulated by HFSS. It was a frequency-reconfigurable monopole antenna loaded by one CRLH unit cell. This CRLH-based antenna was powered by a microstripe and provided ten LTE standard bands included LTE700, LTE850, LTE900, LTE1700, LTE1800, LTE1900, LTE2100, LTE2300, LTE2500, and LTE2600 and two GPS frequencies included 1176 and 1227 MHz. The loaded monopole was a compact and distributed antenna in which the varactor diodes comprised the compact part and the CRLH and a monopole provided the distributed part, both of which compressed the antenna. It should be noted that the antenna can be loaded with more than one cell, which generates more frequencies. In the single CRLH unit cell antenna, two diodes were used. The lowest band (LTE700 MHz) was the hardest band to implement. The antenna was flat, compact, and applicable for modern communication systems, namely, smartphones. The radiation patterns were quasiomnidirectional, with a good return loss.
